Colemanite is a natural borate that can be used as an aggregate in neutron-radiation shielding 23 concretes. In this study, we report its thermal behavior, up to 500°C, by describing: 1) its 24 dehydration mechanisms and 2) its thermo-elastic parameters. 
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Introduction 37 38
The need to protect workers and public exposed to radiation emitted, for example, by nuclear 39 reactors for energy production or by neutron facilities for scientific research or medical 40 applications requires the development and the production of suitable materials able to shield 41 from harmful radiations. In this light, 10 B (which accounts for approximately the 20% of natural 42 boron [1] ) emerges as an interesting isotope for its elevated ability to absorb thermal neutrons 43 due to its high cross section for 10 B(n,α) 7 Li reaction (3840 barns [2, 3] ). Consequently, neutrons 44 reaction with 10 B suppresses escaping radiations and generates alpha particles (easily absorbable  45 by few μm of material) and 7 Li, a stable isotope. It follows that boron compounds are target 46 materials to be added as aggregates for the production of radiation-shielding concretes. Synthetic 47 B 4 C, for example, can be successfully used for this scope [4] , but due to its high costs it is often 48 replaced by cheaper natural borates [5] . Among them, colemanite, ideal formula 49
CaB 3 O 4 (OH) 3 ⋅H 2 O, is one of the major candidates, due to its large availability in nature and the 50 resulting abundance of waste colemanite ore at the mining site, which recycling may result in an 51 economic profit [6] [7] [8] . Colemanite is also largely utilized as a raw material for the production of 52 boric acid [9] . For these reasons, the use of colemanite as an aggregate has been the subject of a 53 series of investigations [10] [11] [12] [13] [14] . In the nuclear field, colemanite has been widely applied for the 54 production of radiation-shielding concretes prototypes [5, 15] , which showed that its addition is 55 efficient in reducing the transmission of radiation [5, 10, 12] and lowering the concrete activation 56 for radiation emission in the low and medium term [11, 15, 16] . In fact, concrete containing 57 colemanite or boron ores, in association with high-density aggregates, proved to possess low 58 radioactive permeability and effectively prevent both neutrons and gamma radiation transmission 59 [17] [18] [19] [20] [21] . These materials have been successfully employed not only as heavyweight concrete 60 biological shield of nuclear reactors and research laboratories, but also of neutron therapy 61 centers, such as radiation oncology and radiology departments [17] .. Furthermore, the high 62 radiation shielding property has been successfully applied to improve shielding from Am-Be 63 sources, since they emit neutrons along with gamma radiations. The use of colemanite concrete 64 proved to be an easier and more effective solution than distributing gamma shields (e.g. lead 65 blocks) within neutron absorbing materials, such as paraffin [22] [23] . In presence of high-energy 66 gamma-and X-ray sources, the lower atomic number of elements constituting colemanite 67 concrete represents a further advantage with respect to lead shields, in particular in the pair 68 production and Compton scattering regions [17, 24] . Moreover, with a view to ensure safe 69 shipment of nuclear material, boron enriched cementitious containers have been proficiently 70 proposed. In this perspective, the optimization of the neutron shielding effect requires a 71 homogeneous distribution of boron within the cement matrix [25] . 72
For its large availability and low costs, colemanite has also been investigated to be added in 73 ordinary cements and mortars, lightweight concretes and bricks, and geopolymers [7, 8, [26] [27] [28] [29] [30] [31] [32] . 74 By way of example, colemanite could be added to pumice lightweight concrete to improve its 75 radiation shielding, thus extending the applicability of this low density and low cost, high 76 thermal insulation and high durability material to the nuclear field [32] . These applications drove 77 the interest in studying the effects induced by the addition of colemanite on the physico-chemical 78
properties . In order to perform the analyses 144 described in the following section, the massive sample was ground in an agate mortar into a 145 homogeneous powder. 146
The chemical analysis has been performed by means of a multi-methodological approach, which 147 surveyed more than 50 chemical species. The analytical protocol is described in [46] , whereas 148 the chemical composition, summarizing the major components, is reported in Table 1 . 149
Differential scanning calorimetry (DSC) and thermogravimetric (TG) analyses have been 150 performed in the temperature range 30-500 °C with a scanning rate of 2 °C/min under 50mL/min 151 flux of air using the Mettler Toledo TGA/DSC 3+ instrument. 152
In situ high-temperature synchrotron powder X-ray diffraction (SR-XRPD) experiments have 153 been carried out at the MCX beamline of the Elettra facility (Trieste, Italy), which experimental 154 setup is described in [53] . The polycrystalline sample of colemanite was loaded in a quartz 155 capillary (300-µm in diameter), which was kept spinning during the data collection. For all the 156 point analyses, a monochromatic incident beam (λ = 0.827 Å) was used and the diffraction 157 patterns were collected using the high-resolution scintillator detector mounted on the four-circle 158 diffractometer available at the beamline. The following data collection strategy was adopted: 2θ 159 range between 5 and 50°, step-width = 0.008°, exposure time 1 s. High-T conditions were 160 obtained using a hot gas blower directing a hot air flux on the spinning quartz-capillary, whereas 161 temperature was measured by a thermocouple and previously calibrated using the thermal 162 expansion and phase transition of quartz. A first temperature ramp was performed from ambient 163 conditions (25 °C) up to 375°C, with data collections every 50°C. A second ramp was later 164 performed using the same batch sample at the same experimental conditions of the first ramp 165 from 50 to 250°C, with data collections every 50 °C. Overall, a total of thirteen XRD patterns 166 have been collected at the temperature conditions reported in addition, the refinement of the fractional occupancy of the H 2 O-oxygen atom (Ow) was always 177 tried if the refined value deviated from the full site occupancy (+/-1σ). In the final cycles of 178 refinement, the following parameters were simultaneously refined: scale factor, background and 179 peak profiles parameters, unit-cell parameters, atomic coordinates and displacement parameters. 180
The zero-shift correction was also refined for the dataset collected at 25 °C and kept constant to 181 this refined value in the Rietveld refinements based on the diffraction patterns collected at higher 182 temperatures. The unit-cell parameters of colemanite at varying temperature are reported in 183 Figure 2 and Table 2 . The calculated diffraction patterns, based on the Rietveld refinements at 25 184 and 225 °C, respectively, are reported in Figure S1 (deposited as supplementary materials). The 185 refined structure models (cif files) are deposited as supplementary materials. The TG pattern shows that the mass loss begins already at T > 50°C. Around 240°C, a minor 206 increase in mass loss is observed, whereas at T > 275°C a sudden increase in the rate of mass 207 loss occurs. Up to 275°C, the total mass loss is around 1 wt%, whereas it is around 2 wt% at 208 325°C, where a further increase in the rate of mass loss occurs. At 372 °C (endothermic peak in 209 the DSC plot), the mass loss is 4.05 wt% and at T > 388°C (endothermic peak in the DSC plot) a 210 dramatic increase in the mass loss rate is observed with a final weight at 500°C that is 23.03% 211 lower than the initial value. The X-ray diffraction patterns reveal the persistence of a crystalline sample of colemanite up to 226 325°C ( Figure S2, deposited) . On the contrary, at 375°C the collected diffraction pattern is 227 typical of an amorphous substance ( Figure S3 , deposited). The Rietveld refinements reached 228 convergence with good statistical parameters up to 275°C (Table 2) , whereas for the pattern 229 collected at 325°C only the unit-cell parameters could be satisfactorily refined. 230
The refined unit-cell parameters at different temperatures are reported in Table 2 and plotted in 231 Figure 2 . The unit-cell a edge undergoes a minor expansion up to 175 °C, where a slight 232 contraction rate takes place. At the same temperature, a change in the experimental β-T trend can 233 also be observed. At 275°C, a further deviation from the previous T-trends can be observed along 234 the unit-cell c axis and for the volume. At 325°C, a significant volume reduction can be 235 observed, governed by the contraction along the a and c axial edges, whereas the b axis shows an 236 opposite behavior with a boosted expansion with respect to the previous T-trend. 237
The refinement of the occupancy of the Ow site was always tried, but the refined value was 1 238 (within the e.s.d.) up to 250 °C. At 275°C, the Ow refined occupancy was found, for the first 239 time, lower than 1 (sof = 0.96 ± 0.02).
Despite the Rietveld refinement of the structural 240 parameters did not converge at 325°C, at least a qualitative analysis of the refined model can be 241 attempted: at this temperature, the site occupancy factor of Ow was ~ 0.77. 242
The amorphization observed at T > 325 °C was found to be irreversible when ambient conditions 243 were recovered. 244 respectively. Based on IR spectra, they assigned the first peak to the loss of hydroxyl groups, 256 which would be kept as "intracrystalline water" up to the T of the second peak, assigned to the 257 explosive release of water and amorphization. A comparative analysis of the DSC and TG patterns of this study, coupled with the Rietveld 265 refinements based on the collected XRD data, allows a thorough description of the dehydration 266 mechanism of colemanite. The TG data show that the dehydration already begins at T ≥ 50°C 267 (Figure 3 ). The endothermic peak at 247°C can be coupled with the corresponding minor 268 increase in the rate of mass loss and with the deviations in the a-T and β-T trends observed at T ≥ 269 175°C (Figures 2 and 3 , Table 2 ). At 275°C, the mass loss is around 1 wt% and, for the first 270 time, the refined occupancy of the H 2 O-oxygen Ow site is lower than 1.0. Therefore, if up to ~ 271 240°C the mass loss may also be attributed to moisture or superficial water, the results from 272 DSC, TG and XRD suggest that above this temperature the loss of structural H 2 O 273 unambiguously occurs. At T > 275°C, an increase in the rate of mass loss is observed (Figure 3 ) 274 and at 325°C the dehydration clearly affects the unit-cell volume of colemanite, which undergoes 275 a significant contraction governed by the shortening along the a and c axes, whereas an 276 expansion along b is observed ( Figure 2 and Table 2 ). Despite still crystalline, the structural 277 parameters could not be satisfactorily refined at this temperature, suggesting that the mechanism 278 of structural collapse is triggered and is likely acting along the preferential cleavage plane, i.e.
279
(010), where the weaker interactions occur between the adjacent layers made by Ca-polyhedra 280 and borate chains (Figure 1 ). If we consider, from the chemical composition of colemanite 281 (Table 1) , that the total H 2 O content is 21.8(4) wt% (of which 15.98 wt% can be attributed to the 282 hydroxyls groups and 5.85 wt% to the H 2 O molecules), and that at 325°C the mass loss 283 measured from the TG data is 1.86 wt% (Figure 3) , we can conclude that the structural collapse 284 of colemanite is induced in the very early stages of dehydration. Between 325 and 375°C, the 285 amorphization process is completed and a mass loss of 5.85 wt% (corresponding to the weight 286 fraction of structural H 2 O molecules) is reached at ~ 382°C (Figure 3 ), whereas at T > 388°C 287 (endothermic peak in the DSC pattern, Figure 3 ) a significant weight loss is shown by the TG 288 data (Figure 3 ). 289
The colemanite dehydration pattern can, therefore, be summarized as in the following: 290 -At T > 240°C, the weight loss is unambiguously attributed to the release of structural H 2 O, 291 which is more pronounced at T ≥ 275°C, triggering the structural collapse that is completed 292 before the H 2 O molecules are fully released at T ~ 375-385°C; 293 -The endothermic peak at 388°C may be assigned to the dehydroxylation process; 294 -At 500°C, the mass loss is 23.03 wt% (Figure 3) , that is quite close to the total measured H 2 O 295 content of colemanite (i.e., 21.8 wt%), from which it can be concluded that the high-temperature 296 amorphous phase is fully anhydrous, being consistent with the recrystallization of anhydrous Ca-297 borates reported in [38] . 298 299
Thermo-elastic behavior of colemanite 300 301
The intrinsic anisotropy and bulk thermal expansion of the compounds used as aggregates concur 302 in controlling the high-temperature behavior of a concrete. For this reason, one of the scope of 303 this work was to characterize the thermo-elastic behavior of colemanite, by determining the bulk 304 thermal expansion coefficient at ambient conditions and as a function of temperature. 305
The T-induced evolution of the unit-cell parameters, reported in Figure 2 and Table 2, reveals  306 that the thermal expansion of colemanite is significantly anisotropic, being substantially 307 accommodated only along the b and c crystallographic axes, whereas the a axis, which 308 corresponds to the direction of the borate chains (Figure 1 ), experiences only a minor expansion 309 up to 175°C, where a slight contraction takes place ( Figure 2 and Table 2 ). These results are 310 consistent with those reported in [46] for the range 104-300 K (i.e., from -169 to 27 °C) and an 311 analogy can also be found with the high-pressure data [45] , where the a direction is reported to 312 be the less compressible crystallographic axis. 313
We merged in a single dataset the unit-cell volume data of this study (excluding the points at 275 314 and 325°C) and those reported in The thermal bulk volume (isotropic or anisotropic) expansion and the dehydration mechanism of 334 a given hydrated compound used as an aggregate are important parameters that allow to 335 understand and forecast the behavior of a concrete under heating or cooling. In this study, by 336 means of in situ DSC, TG and XRD data, we have characterized the dehydration mechanism of 337 colemanite, a hydrous Ca-borate mineral used as an aggregate in radiation-shielding concretes, 338 and determined its bulk thermal expansion coefficient along with its expansion anisotropic 339 scheme. 340
The TG data show that the dehydration already begins at T ≥ 50°C, whereas the release of 
